Abbreviations: ANOVA, analysis of variance; cm, centimeters; ha, hectare; HSD, honestly 9 significant difference; kg, kilogram; PSH, perennial Sorghum hybrid; RCBD, randomized 10 complete block design; SE, standard error; QTL, quantitative trait loci. 11 ABSTRACT 12 Sorghum species provide a unique opportunity to develop perennial cropping systems due 13 to their interspecific hybridization compatibility and phenotypic plasticity from annual to 14 perennial life cycle. Sorghum bicolor (L.) Moench is a diploid (2n=2x=20) annual species that 15 does not produce rhizomes, whereas Sorghum propinquum (Kunth) Hitchc. is a diploid 16 (2n=2x=20) perennial, rhizomatous species native to Asia and is considered a wild relative of S. 17 bicolor. Because of their relatively close taxonomic relationship, S. bicolor x S. propinquum 18 hybrids offer both valuable insights between annuals and perennials, as well as hybridization 19 opportunities for the introgression of perennialism into a major cereal crop. The objective of this 20 study was to characterize a novel S. bicolor x S. propinquum F 2 population for height, tillering 21 capacity, days to flowering, and overwintering capacity. Our research identified F 2 hybrids
2 22 exhibiting transgressive segregation for height, whereas hybrids were intermediate between the 23 parental extremes for days to mid-anthesis and tillering capacity. Fortuitous harsh winter 24 conditions in 2018 applied strong natural selection pressure for overwintering capacity allowing 25 for the identification of F 2 hybrids with greater overwintering capacity than S. propinquum. The 26 present results provide both novel perennial sorghum germplasm resources and insight towards 27 developing effective breeding programs for perennial cereal cropping systems. 28 
INTRODUCTION 29
When compared to perennials, the shorter growing season of annuals results in less solar 30 energy being captured (Boehmel et al., 2008; Washburn et al., 2013a) . Additionally, annual 31 cropping systems are prone to greater soil erosion due to transient living root systems (Cox et al., 32 2002) . When managed correctly, perennial cropping systems can require less fertilizer and are 33 able to repartition resources for the next growing season (Boehmel et al., 2008; Jessup, 2009) . 34 Studies of perennial bioenergy crops growing on relatively fertile soils have revealed these 35 species have the capacity to sequester significant amounts of carbon because of greater root 36 biomass through rhizome development (Zan et al., 2001; Bosco et al., 2016; Christensen et al., 37 2016). 38 Perennial cereal crops require metabolic resources to be allocated away from seed and 39 into belowground structures for overwintering and regrowth. Developing perennial grain crops 40 therefore, creates breeding challenges based on these physiological trade-offs (Glover et al., 41 2010). High yielding modern cereal crops are the product of intense selection for increased 42 allocation of photosynthate to seed. By contrast, undomesticated perennial ancestors of cereal 43 grain crops have considerably lower seed yield owing to natural selection pressure for species 44 survival in highly competitive environments (Cox et al., 2006) . For this and other reasons, However, the potential high-yielding and economically viable perennial grain crops exists given 48 commensurate investments in genetic improvement (Glover et al., 2010) . 49 Sorghum is the third-largest cereal grain crop grown in the United States due to its 50 drought tolerance and adaptability across different climatic conditions (USGC, 2018) . In addition 51 to grain, sorghum is also grown for biofuel, forage/silage, and syrup production. Sorghum 52 production in the United States is primarily concentrated in areas extending from southern 53 Nebraska to the southern tip of Texas (USGC, 2018) . In 2017, 5,045,000 acres of grain sorghum 54 and 284,000 acres of sorghum silage were harvested in the United States (USDA 2018).
55
Sorghum bicolor is a diploid (2n=2x=20) summer annual species that does not produce rhizomes 56 (Hoang-Tang and Liang, 1988) . Although S. bicolor is a summer annual that is typically 57 harvested only once, it has the ability to produce basal tillers (Nabukalu and Cox, 2016) Sorghum propinquum is a diploid (2n=2x=20) perennial, rhizomatous species native to 62 Asia and is a wild relative of S. bicolor (Zhang et al., 2013) . Sorghum propinquum possesses 63 many characteristics common to wild grasses, including small seed, abundant tillering, narrow 64 leaves, and rhizomes (Chittenden et al., 1994) . Rhizomes of grasses are developmentally related 65 to tillers, and both are initiated from basal nodes (Kong et al., 2015) . The primary initiating 66 difference between rhizomes and basal tillers is because of gravitropism; vegetative structures 67 exhibiting positive gravitropism from a basal node are tillers and those derived from negative 4 68 gravitropism from a basal node are rhizomes. Rhizomes serve as propagules in spreading the 69 species and are synonymous with weediness as best exemplified by johnsongrass (Sorghum 70 halepense [L.] Pers.). However, in many perennial forage crops and turf grasses such as 71 bermudagrass (Cynodon dactylon [L.] Pers.) rhizomes provide nutrients for sustainable growth 72 (Kong et al., 2015) . Unique amongst the species of sorghum, S. propinquum represents the only 73 diploid rhizomatous species with the same number of chromosomes as S. bicolor (2n=2x=20) 74 (Endrizzi, 1957; Hoan-Tang and Liang, 1988 (Paterson, 2008; Paterson et al., 1995) . 79 Hybrids between S. propinquum and S. bicolor are fertile, and these two taxa may belong 80 to a single biological species (de Wet, 1978) . With such a close relationship, S. bicolor and S. 81 propinquum provide valuable insight into biological differences between annuals and perennials. 82 This relationship also provides a unique opportunity in developing perennial cereal crops through 83 interspecific hybridization. Hybridization also has the potential of introgressing other desirable 84 alleles that have been lost from the domestication of S. bicolor (Vandenbrink et al., 2013) . In In perennial sorghum, growth immediately following the winter season is directly linked 89 with both rhizomatousness and basal tillering. Paterson et al. (1995) reported that 92% of a S. had not yet flowered, and thus, were assigned values of the last date when the data was recorded. 215 This caused the means of the PSH F 2 population entries to be slightly lower than how they 216 phenotypically performed. Nevertheless, the present study clearly demonstrates that the F 2 217 population derived from a cross of an elite grain inbred and a photoperiod-sensitive S. 218 propinquum accession was skewed towards early maturation under the long-day environments. Tillering capacity was noted at 30-day intervals from the date of transplanting with an 229 ANOVA being conducted on observations from the final interval (90 days from transplanting). 230 As was observed for plant height and days to mid-anthesis, blocking effect and plant species 231 were significant sources of variation for basal tillering (Table 1) . Variance component test 232 revealed that plant species was the largest source of variation accounting for 54.4% of the total 233 variance in basal tillering (Table 2) . 234 The average number of tillers for the grain sorghum parent ATx623 was essentially 1 235 (1.21 ± 0.13), while S. propinquum displayed the greatest number of tillers (9.24 ± 0.83), and the 236 F 2 PSH population was intermediate between the two parents in tiller production (4.53 ± 0.65) 237 (Figure 3) . These results indicate that the S. propinquum has the greatest tillering capacity, but 238 PSH has a significantly greater tillering capacity than the ATx623 parent. Cox et al. (2018) 239 reported that annual x perennial sorghum (S. halepense) F 1 hybrids and the F 2 populations had 240 profuse tillering and branching, which was more similar to the perennial parent than the annual 241 parent. However, they also reported anomalous diploid hybrids that were closer in phenotype to 242 S. bicolor. Our results in contrast showed that hybrids derived from S. propinquum crosses were 243 intermediate to the annual and perennial parental sorghums for tillering capacity. In the spring of 2019, the number of basal tillers and rhizome derived shoots were 253 counted for every plant that overwintered (Table 3) in the hybrid. However, the present findings indicate that, despite entering the winter with far 259 fewer basal tillers than S. propinquum, the F 2 hybrid population showed a greater capacity for 260 winter survival and spring regrowth. In addition, the maturity response of the F 2 hybrid 261 population was more like S. bicolor than the perennial S. propinquum. While these results appear 262 counterintuitive, the unusually harsh winter with multiple warm thaw periods followed by a hard 263 freeze, appears to have been unexplainably lethal to perennial S. propinquum. 264 The repeated measures ANOVA for basal tillering capacity (Table 4) Supplemental table 1 ). We then created a "weighted trait" Wilcoxon Rank 289 Sum (Table 5) Using this breeding tool, we were able to select the top 10% individuals by selecting 294 individuals with a total weight score of 44.9 or greater. Specifically, "Plant ID 22" was ranked as 14 295 the best performing phenotype in year one, but the plant initiated flowering early (June) during 296 year two. If we had included a June flowering screen to remove early flowering types in year 297 two, the weighted trait rank sum model would have included each F 2 individual we 298 phenotypically decided to advance to the F 3 generation. Because this breeding protocol is novel 299 and specific to this population, its largest impact may very well be to serve as the backbone for 300 developing more powerful and innovative selection protocols. In the future, using a screen for 301 late spring/early summer flowering would be beneficial in identifying individuals that perform 302 differently in year two than in year one. Evaluations and seed increase of the seven F 2 selections 303 in this study will continue as they are advanced to the F 5 generation. Similar to our release of 304 PSH12TX09 (Jessup et al., 2017) , public germplasm releases of the derived lines are planned at 305 that time. Seed of the F 3 and F 4 lines will also be distributed upon request as available. 
